The ability of Brucella spp. to infect human osteoblasts and the cytokine response of these cells to infection were investigated in vitro. Brucella abortus, B. suis, B. melitensis, and B. canis were able to infect the SaOS-2 and MG-63 osteoblastic cell lines, and the first three species exhibited intracellular replication. 
Brucella spp. are gram-negative facultative intracellular bacteria that infect domestic and wild animals and can be transmitted to humans, in whom they produce a debilitating and eventually chronic disease. The most common clinical features of human brucellosis are undulant fever, sweats, arthralgias, myalgias, lymphadenopathy, and hepatosplenomegaly (35) . Osteoarticular brucellosis is the most common localization of active brucellosis, although its reported prevalence varies widely. The three most common forms of osteoarticular involvement are sacroiliitis, spondylitis, and peripheral arthritis (1, 15, 23, 28, 38) .
Brucellar arthritis is frequently polyarticular and usually affects knees, sacroiliac joints, shoulders, and hips (28) . In some cases, brucellar arthritis may be destructive, with associated osteopenia and cartilage damage. Brucellar spondylitis, which is more destructive than arthritis and causes more serious complications than arthritis does (7) , typically begins at the disco-vertebral junction but may spread to the whole vertebrae and to adjacent vertebral bodies (29, 50) .
While the clinical and imaging aspects of osteoarticular brucellosis have been described widely, the pathogenic mechanisms of joint and bone disease caused by Brucella have not been investigated at the molecular and cellular levels. Regarding brucellar arthritis, a septic form and a reactive form have been proposed (15) . The septic form is supported by the isolation of Brucella spp. from synovial fluid or tissue.
In osteoarticular infections by pathogens such as Staphylococcus aureus and Mycobacterium tuberculosis, bone and joint damage results mainly from the inflammatory reaction elicited by the infection. In the mouse model of S. aureus arthritis, polymorphonuclear leukocytes and macrophages are seen in the synovial tissue early in the infection (5, 44) . Similarly, an infiltrate of highly activated polymorphonuclear leukocytes has been observed in posttraumatic infectious osteomyelitis in humans (45) . These cells produce not only proinflammatory cytokines and chemokines but also a series of tissue-degrading enzymes, including metalloproteinases, which can contribute to joint and bone destruction (13, 48) . High levels of tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤) are detected in the synovial fluid of patients with bacterial arthritis (34, 40) . Increased local levels of TNF-␣ mRNA have also been detected in a rat model of osteomyelitis (27) . These cytokines stimulate the release of proteases by inflammatory cells (41) . In addition, TNF-␣ and IL-1␤, together with IL-6, stimulate osteoclast differentiation and bone resorption in a synergistic fashion (19, 26) . In human brucellar arthritis, synovial fluid usually presents an increased leukocyte count, and the synovial membrane frequently exhibits a nonspecific inflammatory change (28) .
Given the central role of inflammatory cells in bone and joint destruction in osteomyelitis and arthritis, the recruitment and activation of these cells are of utmost importance for the development of these pathological conditions. Besides their role in bone formation, osteoblasts have also been shown to respond to bacterial infection or bacterial products by secret-ing proinflammatory cytokines, such as IL-6 and IL-12 (2, 20) , and chemokines, such as macrophage chemoattractant protein 1 (MCP-1), IL-8, IP-10, and RANTES (4, 31, 47, 49) , which recruit macrophages, neutrophils, and T lymphocytes. Overall, these data point to an active role of osteoblasts in the immune responses elicited during osteoarticular infections.
Staphylococcus aureus and Mycobacterium tuberculosis, which are common etiological agents of osteoarticular infections, can infect human osteoblasts in vitro (11, 12, 22, 46, 47) . The intracellular persistence of these bacteria in bone cells may facilitate disease progression by protecting these organisms from extracellular host defenses and antibiotic therapy and may help to explain the recurrent nature of osteomyelitis (12) . Brucella spp. are known to survive and replicate within mononuclear phagocytes (32) and also in nonphagocytic cells, including epithelial cells and fibroblasts (37) . In contrast, there are no data on invasion and/or intracellular replication of Brucella spp. within osteoblasts.
In the present study, we investigated whether Brucella spp. can infect and survive within human osteoblastic cell lines and whether this infection elicits the secretion of proinflammatory cytokines and chemokines that might be involved in the osteoarticular manifestations of brucellosis. Since many of these aspects have been described widely for S. aureus, which is a frequent etiological agent of septic arthritis and osteomyelitis, this bacterium was included in parallel in most experiments for comparison.
MATERIALS AND METHODS
Bacterial culture. Brucella abortus 2308, its isogenic virB10 polar mutant (kindly provided by Diego Comerci), Brucella suis 1330, Brucella melitensis H38, and a local clinical isolate of Brucella canis were grown overnight in 10 ml of tryptic soy broth with constant agitation at 37°C. Bacteria were harvested by centrifugation for 15 min at 6,000 ϫ g at 4°C and washed twice in 10 ml of phosphate-buffered saline (PBS). Bacterial numbers in cultures were estimated by comparing the optical densities at 600 nm with a standard curve. To prepare inocula, cultures were diluted in sterile PBS to the desired bacterial concentration on the basis of the optical density readings, but the precise concentrations of inocula were determined by plating cells on tryptic soy agar. All live Brucella manipulations were performed in biosafety level 3 facilities. A clinical isolate of Staphylococcus aureus was used. Before experiments, S. aureus was cultured overnight (16 h) in 10 ml of Luria-Bertani broth (LB) at 37°C with agitation, and inocula were prepared as described for Brucella.
Cell culture. The human osteoblastic cell lines SaOS-2 (ATCC, Rockville, MD) and MG-63 (European Collection of Animal Cell Cultures) were cultured as monolayers in a 5% CO 2 atmosphere at 37°C in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY) supplemented with 2 mM L-glutamine, 10% heat-inactivated fetal bovine serum (FBS) (Gibco), 100 U/ml penicillin, and 100 g/ml streptomycin. Monocytic human THP-1 cells were cultured in a 5% CO 2 atmosphere at 37°C in RPMI 1640 (Gibco) supplemented with 2 mM L-glutamine, 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 g/ml streptomycin. All cell lines were seeded at 5 ϫ 10 5 cells/well in 24-well plates. For cocultures, SaOS-2 osteoblasts were harvested by gentle trypsinization with 0.05% trypsin-0.02% EDTA (Gibco) and were mixed with THP-1 monocytes to obtain monocyte/osteoblast ratios of 1:10 and 1:100. Cocultures were maintained in 24-well plates (1 ϫ 10 6 cells per well in 1 ml) at 37°C in a 5% CO 2 atmosphere in Dulbecco's modified Eagle's medium supplemented with 2 mM L-glutamine and 10% heat-inactivated FBS. To control for the individual contributions of osteoblasts and monocytes to chemokine secretion during cocultures (see below), the same number of each cell type used for the coculture was plated in separated wells.
Cellular infections. B. abortus infections of SaOS-2 and MG-63 osteoblasts and infections of osteoblast-monocyte cocultures were set up at different multiplicities of infection (MOIs) (10:1, 100:1, and 1,000:1 [bacteria:cell]), while an MOI of 100:1 was used for S. aureus infections. Both species were used at an MOI of 100:1 to infect THP-1 monocytes. After the bacterial suspension was dispensed, the plates were centrifuged for 10 min at 2,000 rpm and then incubated for 2 h at 37°C under a 5% CO 2 atmosphere. Cells were extensively washed with RPMI to remove extracellular bacteria and incubated in medium supplemented with 100 g/ml gentamicin and 50 g/ml streptomycin to kill extracellular bacteria. At different times postinfection (p.i.) (2, 24, 48 , or 72 h), the supernatants from infections of individual cell types or cocultures were harvested for measurement of cytokines and chemokines.
At the end of the infection period, each well was washed three times with sterile PBS. To monitor Brucella intracellular survival, cells were lysed with a sterile solution of 0.1% (vol/vol) Triton X-100 in H 2 O and serial dilutions of lysates were rapidly plated on tryptic soy agar plates to enumerate CFU.
Inhibition of internalization. Infection experiments in the presence of specific inhibitors were carried out to examine whether B. abortus internalization by the osteoblastic cell lines depends on actin polymerization (cytochalasin D) or microtubules (colchicine). Cytochalasin D was solubilized in dimethyl sulfoxide (DMSO) and was used at 20, 8, and 2 M. Colchicine was solubilized in water and was used at 10, 5, and 1 M. Inhibitors were obtained from Sigma (St. Louis, MO), and the concentrations used were based on previous reports on internalization by cultured osteoblasts or epithelial cells (22, 33) . To examine the effects of such inhibitors, the osteoblastic cell lines were exposed to each compound during the whole infection period (2 h). Cell viability after incubation with these inhibitors was higher than 90%, as assessed by staining with trypan blue. After infection, the culture medium was removed and replaced with medium containing gentamicin and streptomycin for 2 h, and the cells were processed as described above for quantification of intracellular bacteria. To account for any possible effect of DMSO (cytochalasin vehicle) on osteoblast viability, cell cultures not treated with the inhibitors were treated with the highest final concentration of DMSO used in these studies (0.5%), and the results were compared to those for osteoblast cultures not exposed to DMSO.
Confocal microscopy. SaOS-2 and MG-63 cells seeded onto glass coverslips were infected with B. abortus 2308 as described above (MOI, 100) and were fixed with 4% paraformaldehyde. The THP-1 monocytic cell line was infected in parallel for comparison. To label internalized bacteria, cells were incubated with a monoclonal antibody against Brucella lipopolysaccharide obtained in our laboratory, followed by incubation with a fluorescein isothiocyanate-conjugated antibody against mouse immunoglobulin G (IgG; Jackson Immunoresearch, West Grove, PA). Coverslips were mounted in PBS-glycerine (9:1 [vol/vol]) and were analyzed by confocal microscopy (C1 confocal microscope; Nikon, Melville, NY), using a ϫ60 Plan oil immersion lens. Pictures were acquired and processed using Photoshop software (Adobe System Inc., Mountain View, CA).
Flow cytometry analysis. SaOS-2 cells were infected at an MOI of 100 as indicated above. At 24 and 48 h p.i., the cells were detached from the wells by treatment with 0.05% trypsin-0.02% EDTA solution for 10 min, followed by treatment with culture medium containing 10% fetal calf serum to inactivate trypsin. After the cells were washed with sterile PBS, cell permeabilization was performed with a solution of 0.05% saponin in PBS containing 0.1% bovine serum albumin (BSA). Cells were then incubated for 1 h with a monoclonal antibody, raised in our laboratory, against B. abortus lipopolysaccharide (0.5 mg/ml in PBS containing 2% BSA). After three washes with PBS containing 0.05% Tween 20 (PBS-T), the cells were incubated with a fluorescein isothiocyanate-conjugated antibody to mouse immunoglobulins (Jackson Immunoresearch, West Grove, PA) diluted 1/200 in PBS-2% BSA. After three washes with PBS-T and a further wash with PBS, cells were resuspended in 4% paraformaldehyde for 1 h at room temperature. Samples were analyzed in a flow cytometer (PAS III; Partec, Münster, Germany). Results were analyzed using WinMDI 2.8 software.
Stimulation with conditioned media. Culture supernatants (CS) from Brucellainfected THP-1 monocytes (CSBIM) and Brucella-infected osteoblastic SaOS-2 cells (CSBIO) were harvested at 24 h p.i., sterilized by filtration through a 0.22-m nitrocellulose filter, and used to stimulate noninfected SaOS-2 and THP-1 cells, respectively. Supernatants were used diluted 1/2, 1/5, 1/10, or 1/100 in complete medium. Parallel experiments were performed with CS from S. aureus-infected cells. After 24 h, the supernatants from these stimulated cultures were harvested to measure cytokines and chemokines. In other experiments, SaOS-2 cells stimulated for 24 h with supernatants from infected THP-1 cells were washed and infected with B. abortus or S. aureus, and supernatants were harvested at 24 h p.i.
Measurement of cytokine concentrations. Human IL-1␤, IL-6, IL-8, MCP-1, TNF-␣, and granulocyte-macrophage colony-stimulating factor (GM-CSF) were measured in culture supernatants by sandwich enzyme-linked immunosorbent assay, using paired cytokine-specific monoclonal antibodies, according to the manufacturer's instructions (BD Pharmingen, San Diego, CA).
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Statistical analysis. Data were analyzed using analysis of variance (ANOVA). Multiple comparisons between all pairs of groups were made with Tukey's posttest, and those against a control group were made with Dunnett's posttest. All statistical analyses were performed with GraphPad software (San Diego, CA).
RESULTS

Smooth
Brucella species invade and multiply in human osteoblastic cell lines. Infection experiments showed that Brucella abortus 2308, B. suis 1330, B. melitensis H38, and B. canis virulent strains are internalized by human osteoblastic cell lines in vitro. The first three Brucella species (naturally smooth species) were also able to multiply efficiently within MG-63 and SaOS-2 cells, while B. canis was not (Fig. 1) . The magnitude of the infection (intracellular CFU) was directly related to the MOI used, but both infection and intracellular replication were observed even for MOIs as low as 100. For B. abortus, internalization was confirmed by confocal microscopy of infected cells, using immunodetection with an antibody to Brucella smooth lipopolysaccharide (Fig. 2) . S. aureus also invaded both osteoblastic cell lines but did not multiply inside these cells (not shown), in agreement with previous reports (11) .
The number of bacteria internalized into MG-63 cells was higher than that observed for the SaOS-2 line after 2 h of infection (MOI, 1,000) with B. abortus (2, canis. The increase of intracellular bacteria with time was confirmed by confocal microscopy of SaOS-2 and MG-63 cells infected with B. abortus (Fig. 2) .
The percentage of osteoblasts infected with B. abortus was determined from confocal microscopy images and also by flow cytometry (not shown). Determinations were performed at 24 h and 48 h p.i. because the small numbers of bacteria limited the sensitivity of detection at earlier time points. By flow cytometry, the percentage of infected SaOS-2 cells was 0.76% at 24 h and 4.22% at 48 h p.i. By confocal microscopy, the corresponding values were 2% and 8%, respectively. For MG-63 cells, the percentage of infected cells according to flow cytometry was 1.32% and 9.28%, respectively, and by confocal microscopy the results were 8% and 22%, respectively.
Since the type IV secretion system (T4SS) encoded by the virB genes has been shown to be involved in the capacity of different Brucella species to establish an intracellular replication niche (14) , we decided to test whether the T4SS is involved in the ability of B. abortus to replicate within human osteoblastic cell lines. SaOS-2 cells were infected at different MOIs (up to 1,000 bacteria/cell) with B. abortus 2308 (wild type) and an isogenic virB10 polar mutant that has been shown to be incapable of intracellular survival and replication in HeLa cells (8) . At 24 h p.i., CFU counts were significantly lower in osteoblasts infected with the mutant than in those infected with the parental strain (Fig. 3) . While CFU from the latter had increased at 48 h p.i., no CFU were recovered at this time point from cells infected with the mutant. Collectively, these results showed that smooth Brucella species can infect and replicate in human osteoblastic cell lines and that such intracellular replication depends on the T4SS.
Internalization depends on microtubules. To assess the role of the cytoskeleton in internalization of B. abortus by the SaOS-2 and MG-63 cell lines, infections were performed in the presence of cytochalasin D and colchicine (Fig. 4) . B. abortus internalization was not significantly affected by cytochalasin D, a drug that disrupts actin microfilaments. The lack of effect of cytochalasin D on internalization was specific to osteoblast-like cells, since this drug inhibited Brucella internalization by THP-1 cells, in agreement with previous reports (25) . In contrast, colchicine, which causes depolymerization of microtubules and therefore inhibits transport of endocytic vesicles, interfered in a dose-dependent manner with the uptake of B. abortus by osteoblastic cell lines. Internalization in SaOS-2 was inhibited 92%, 80%, and 60% by colchicine added at 10 M, 5 M, and 1 M, respectively. Internalization in MG63 was inhibited 85%, 80%, and 60%, respectively. Brucella infection induces a low level of chemokine production by osteoblasts. Infection of the MG-63 and SaOS-2 cell lines with the different Brucella strains at MOIs of 1,000 and 100 elicited low levels of secretion of IL-8 and MCP-1. For both cell lines, maximum levels (stimulus-specific levels) of these chemokines in CS were detected 48 h after infection with all Brucella strains assayed (Fig. 5) . No further increase of the IL-8 or MCP-1 level was detected for any infection at 72 h p.i.
(not shown). In general, chemokine levels elicited by infections at an MOI of 100 were comparable to those obtained at an MOI of 1,000, and this was particularly true for B. abortus infections. Stimulation of these cell lines with heat-killed B. Infection with S. aureus also induced IL-8 secretion by both the MG-63 and SaOS-2 cell lines, with maximum levels detected at 72 h p.i. (297 Ϯ 88 and 462 Ϯ 55 pg/ml, respectively) (not shown). MCP-1 levels were relatively low in supernatants of SaOS-2 cells infected with S. aureus, but high levels were detected at 24 h p.i. in supernatants of MG-63 cells, in agreement with previous reports (47) . At 72 h p.i., the MCP-1 level was 220 Ϯ 9 pg/ml for SaOS-2 cells and 55,010 Ϯ 2,938 pg/ml for MG-63 cells.
TNF-␣ production was not detected after infection with Brucella spp. in any osteoblastic cell line. Similarly, neither IL-1 nor IL-6 was detected in supernatants of SaOS-2 cells after B. abortus infection (not shown).
Osteoblast-monocyte interactions enhance cytokine responses to bacterial challenge. While isolated osteoblastic cell lines seem to produce low levels of chemokines and no proinflammatory cytokines upon Brucella infection, the situation may be different in vivo, where other cell types are present at the site of infection. From an immunological point of view, an important cell type likely to be involved in interactions with osteoblasts are monocytes/macrophages. Therefore, we decided to test whether the presence of monocytes might modify the cytokine response of osteoblasts to Brucella infection. First, we tested whether factors secreted by Brucella-infected monocytes might induce the secretion of cytokines by osteoblasts and vice versa. Second, we tested whether the stimulation of osteoblasts with conditioned medium from Brucella-infected monocytes modifies the response of osteoblasts to Brucella infection. Third, we tested whether the cytokine response of monocyte-osteoblast cocultures to Brucella infection differs from that of each cell type alone. These experiments were performed using the THP-1 monocytic cell line and the SaOS-2 osteoblastic cell line.
(i) Culture supernatants from infected monocytes induce cytokine production by osteoblasts. The addition of CS from B. abortus-or S. aureus-infected monocytes to uninfected SaOS-2 cells induced a significant secretion of MCP-1 by the latter cells compared to that in unstimulated cultures (Fig. 6) . For stimulations with CSBIM added at a 1/2, 1/5, 1/10, or 1/100 dilution, the levels of MCP-1 produced by stimulated osteoblasts were significantly higher than those produced by osteoblasts infected with B. abortus at an MOI of either 1,000 or 100 (P Ͻ 0.001 for stimulations at 1/2 and 1/5; P Ͻ 0.01 for stimulations at 1/10). MCP-1 levels in CS of SaOS-2 cells stimulated at a 1/2 dilution with CSBIM were about 12-fold higher than those detected in Brucella-infected osteoblasts at 48 h postinfection. A similar difference in MCP-1 levels was found in the case of S. aureus between stimulated and infected SaOS-2 osteoblasts (1,543 Ϯ 7 pg/ml for 1/2 stimulation versus 220 Ϯ 9 pg/ml for infection). No MCP-1 was detected in supernatants from B. abortus-or S. aureus-infected macrophages, indicating that the MCP-1 measured in stimulated osteoblasts was produced exclusively by the latter cells.
CS from infected monocytes also induced significant IL-8 production by SaOS-2 cells (Fig. 6) . In this case, the transferred supernatants already contained IL-8 (1,300 Ϯ 108 pg/ml for B. abortus infection and 1,594 Ϯ 45 pg/ml for S. aureus infection). However, IL-8 levels found in supernatants from stimulated osteoblasts were even higher, indicating specific IL-8 production by these cells. The osteoblast-specific production of IL-8 upon stimulation with CSBIM at 1/2, 1/5, and 1/10 was around 1,700 pg/ml, 1,620 pg/ml and 1,310 pg/ml, respectively. These values were be- on October 15, 2017 by guest http://iai.asm.org/ tween 13-fold and 17-fold higher than those found at 48 h p.i. in supernatants from osteoblasts infected with B. abortus at an MOI of either 1,000 or 100 (P Ͻ 0.001 for 1/2 and 1/5 dilutions; P Ͻ 0.01 for 1/10 dilution). For SaOS-2 cells stimulated with CS from S. aureus-infected monocytes, IL-8 levels in the stimulated culture were somewhat lower than those for the equivalent experiment with CSBIM (Fig. 6) . While SaOS-2 cells did not seem to secrete IL-6 upon B. abortus infection, the stimulation of these cells with CSBIM resulted in the specific production of IL-6 (Fig. 6) . After correcting for the IL-6 already present in the CSBIM (219 Ϯ 7 pg/ml), the osteoblast-specific production of IL-6 upon stimulation with CSBIM at 1/2, 1/5, and 1/10 was calculated to be around 720 pg/ml, 750 pg/ml, and 625 pg/ml, respectively.
TNF-␣ and IL-1␤ were detected in CSBIM (236 Ϯ 2 and 359 Ϯ 13 pg/ml, respectively) and in CS from S. aureus-infected monocytes (431 Ϯ 84 and 338 Ϯ 25 pg/ml, respectively). After correcting for such levels, no specific production of these cytokines was detected in SaOS-2 cell supernatants after stimulation with THP-1 cell conditioned medium.
In all of the experiments described above, cytokine secretion was not stimulated by CS from noninfected monocytes.
(ii) The chemokine response induced in osteoblastic cells by culture supernatants from infected monocytes is not modified by subsequent infection. Once it was established that CSBIM induces the production of chemokines by uninfected SaOS-2 cells, we wanted to explore whether such pretreatment also modifies the chemokine response of osteoblasts to subsequent Brucella infection. SaOS-2 cells preincubated for 24 h with different proportions of CSBIM were washed and subsequently infected or not (control) for 2 h with B. abortus. Supernatants were harvested 24 h later to measure chemokines. The levels of IL-8 in supernatants from infected osteoblasts did not differ significantly from those found in noninfected osteoblasts for pretreatments with CSBIM at 1/2 (452 Ϯ 5 versus 466 Ϯ 16 pg/ml), 1/5 (456 Ϯ 6 versus 458 Ϯ 10 pg/ml), and 1/10 (454 Ϯ 11 versus 458 Ϯ 12 pg/ml). A similar behavior was observed for MCP-1 secretion (533 Ϯ 37 versus 575 Ϯ 72 pg/ml, 510 Ϯ 31 versus 582 Ϯ 18 pg/ml, and 425 Ϯ 39 versus 549 Ϯ 60 pg/ml, respectively). Therefore, B. abortus infection did not produce a further increase of chemokine production by SaOS-2 cells over that induced by stimulation with CSBIM.
(iii) Culture supernatants from infected osteoblasts induce cytokine production by monocytes. The inverse experiment, i.e., the stimulation of noninfected monocytes with supernatants from infected osteoblasts, was also performed. CSBIO added in different proportions induced the production of IL-8 by THP-1 cells compared to unstimulated cultures (Fig. 7) , and the same happened with CS from S. aureus-infected osteoblasts (not shown). After subtracting the small amount of IL-8 al- ready present in CSBIO, the monocyte-specific production of IL-8 upon stimulation with CSBIO at dilutions of 1/2, 1/5, and 1/10 was calculated to be around 980 pg/ml, 275 pg/ml, and 150 pg/ml, respectively. For stimulations with CS from S. aureusinfected osteoblasts, the monocyte-specific production of IL-8 was 481 pg/ml for the 1/2 dilution and 167 pg/ml for the 1/5 dilution.
THP-1 cells did not produce MCP-1 in response to stimulation with CS from either B. abortus-or S. aureus-infected
SaOS-2 cells.
CSBIO added at 1/2, 1/5, 1/10, and 1/100 dilutions also induced a significant dose-dependent production of TNF-␣ by THP-1 cells compared to unstimulated monocytes (Fig. 7) . The same effect was elicited by CS from S. aureus-infected SaOS-2 cells (1,162 Ϯ 59, 1,058 Ϯ 59, 831 Ϯ 30, and 84 Ϯ 6 pg/ml, respectively). Since TNF-␣ was not detected in CS from B. abortus-or S. aureus-infected osteoblasts, the measured levels are attributable only to production by THP-1 cells.
CSBIO added at a 1/2, 1/5, or 1/10 dilution induced the production of IL-1␤ by THP-1 cells (366 Ϯ 28 and 361 Ϯ 9 pg/ml for 1/2 and 1/5 dilutions, respectively) (Fig. 7) . The same effect was elicited by CS from S. aureus-infected SaOS-2 cells (368 Ϯ 7 and 351 Ϯ 7 pg/ml, respectively) (not shown). Since IL-1␤ was not detected in CS from B. abortus-or S. aureusinfected osteoblasts, the measured levels are attributable only to production by the stimulated monocytes.
CSBIO also stimulated a low specific production of IL-6 by THP-1 monocytes (137 Ϯ 5 pg/ml for stimulation at the 1/2 dilution) (not shown).
In all of the experiments described above, cytokine secretion was not stimulated by CS from noninfected SaOS-2 cells.
Since CSBIO induced the production of proinflammatory cytokines by THP-1 cells, experiments were performed to assess the effect of CSBIO on the intracellular proliferation of Brucella inside these cells. Two types of experiments were performed, in which supernatants from infected SaOS-2 cells were (i) transferred to Brucella-infected THP-1 cells at 2 h or 24 h p.i. (with CFU counts determined 24 and 48 h after transfer) or (ii) transferred to noninfected THP-1 cells for 24 h, followed by Brucella infection and a further 24-h incubation in the presence or absence of osteoblast supernatants. In every case, the CFU did not differ significantly from those found in Brucella-infected THP-1 cells that were not treated with CSBIO at any time of the infection (not shown).
(iv) Induction of TNF-␣ and IL-1␤ by CSBIO is due largely to GM-CSF. GM-CSF has been shown to stimulate TNF-␣ secretion by monocytes and has also been reported to be secreted by human osteoblasts in response to infection (3, 9) . To determine whether GM-CSF is involved in the ability of CSBIO to induce TNF-␣ secretion by monocytes, GM-CSF levels in CSBIO were measured by enzyme-linked immunosorbent assay. GM-CSF was detected, albeit at low levels, in CS from SaOS-2 cells infected with B. abortus (16 Ϯ 1 pg/ml) or S. aureus (23 Ϯ 1 pg/ml) but was absent in CS from uninfected osteoblasts. To confirm that such GM-CSF levels can stimulate TNF-␣ secretion by monocytes, these cells were incubated in the presence of CSBIO alone or CSBIO preincubated for 1 h with either an anti-GM-CSF monoclonal neutralizing antibody or an isotype control. As shown in Fig. 8 , neutralization of GM-CSF significantly reduced the ability of CSBIO to stimulate TNF-␣ secretion by monocytes (87% reduction compared to stimulation with untreated CSBIO), while the isotype control had no effect. Similar results were obtained with CS from S. aureus-infected osteoblasts (74% reduction of TNF-␣ secretion upon neutralization of GM-CSF) (Fig. 8) . In addition, neutralization of GM-CSF significantly reduced the ability of CSBIO to stimulate IL-1␤ secretion by monocytes (72% reduction compared to stimulation with untreated CSBIO), while the isotype control had only a small effect (nonsignificant). The effect of GM-CSF neutralization on IL-1␤ secretion was somewhat lower (50% reduction) in the case of stimulation with CS from S. aureus-infected osteoblasts. These results indicate that GM-CSF is a major mediator of the stimulating effect of CSBIO on TNF-␣ and IL-1␤ secretion by monocytes.
(v) Cytokine response of osteoblast-monocyte cocultures to Brucella infection. Since the in vivo ratio of monocytes to osteoblasts during osteoarticular brucellosis is unknown, two ratios were tested in coculture experiments (monocytes to osteoblasts, 1:100 and 1:10). Basal (uninfected) levels of cytokines secreted by cells grown in coculture were very low and did not differ significantly from those of SaOS model was evaluated by trypan blue exclusion. No obvious cytotoxic effect following infections was detected, and cell viability was Ն98% in all experiments (data not shown). For MCP-1, which is produced by SaOS-2 cells but not by monocytes, levels in supernatants from infected 1:100 monocyte-osteoblast cocultures at 48 h p.i. were significantly higher (P Ͻ 0.05) than those for the same number of infected SaOS-2 cells cultured alone for both B. abortus infection (282 Ϯ 94 versus 79 Ϯ 33 pg/ml; MOI, 1,000) (Fig. 9) and S. aureus infection (282 Ϯ 34 versus 84 Ϯ 5 pg/ml; MOI, 100) (not shown). The difference was even higher (P Ͻ 0.01) for 1:10 monocyte-osteoblast cocultures (1,339 Ϯ 591 versus 40 Ϯ 14 pg/ml for B. abortus).
A similar tendency toward increased production in coculture relative to that in osteoblasts cultured alone was observed for IL-8 (Fig. 9) . However, since this chemokine is produced by both cell types, no definitive conclusions can be drawn from these data regarding the relative contribution of each cell type.
Levels of TNF-␣ in supernatants from infected 1:100 monocyte-osteoblast cocultures at 48 h p.i. were significantly higher (P Ͻ 0.05) than those for the same number of infected SaOS-2 cells cultured alone for both B. abortus infection (588 Ϯ 44 versus 4 Ϯ 2 pg/ml; MOI, 1,000) (Fig. 9) and S. aureus infection (370 Ϯ 30 versus 17 Ϯ 5 pg/ml; MOI, 100) (not shown). The difference was even higher (P Ͻ 0.01) for 1:10 monocyteosteoblast cocultures (832 Ϯ 30 versus 19 Ϯ 1 pg/ml for B. abortus).
To assess whether the direct interaction between THP-1 cells and SaOS-2 cells may hamper the intracellular replication of Brucella within these cell lines, monocyte-osteoblast cocultures (1:100 and 1:10) were infected with B. abortus and CFU were measured at 24 and 48 h p.i. As shown in Fig. 10 , Brucella organisms replicated within the cells present in the coculture. Furthermore, replication was similar between the culture of osteoblasts alone and the 1:100 coculture, which differed only by the presence of 1% THP-1 cells in the latter. Therefore, Brucella replication does not seem to be affected by the interaction between these cell types.
DISCUSSION
While osteoarticular disease is the most common complication of human brucellosis, no studies have been performed on the cellular and molecular mechanisms involved in the pathogenesis of this condition. Since osteoblasts have been shown to play a pivotal role in the pathogenesis of osteoarticular diseases caused by other bacteria, the main goal of the present study was to assess whether Brucella can infect and survive within human osteoblastic cell lines and whether these infected cells secrete proinflammatory cytokines and chemokines.
To our best knowledge, the present study is the first to show that Brucella species can infect and eventually multiply within human osteoblastic cell lines. Brucella species naturally present a smooth or a rough phenotype, depending on the composition of their lipopolysaccharide molecules. While B. abortus and B. suis are naturally smooth, B. canis is naturally rough. In the present study, smooth strains were able to invade and replicate within human osteoblasts, while B. canis invaded these cells but did not exhibit intracellular replication. These differences between smooth and rough strains agree with those observed by others in Brucella infections of macrophages and nonphagocytic cell types (10, 39) . It has been proposed that the intracellular persistence of S. aureus and M. tuberculosis within osteoblasts may protect these organisms from extracellular host defenses and antibiotic therapy and may contribute to the recurrent nature of the osteomyelitis that they cause (12) . Similarly, the capacity of Brucella to survive and replicate within osteoblasts may be relevant to the chronic nature of brucellar osteomyelitis. As shown in this study, such a capacity depended on the expression of the T4SS encoded by virB genes, in agreement with results obtained by other authors for epithelial cells and macrophages (8, 14, 32) .
The MG-63 cell line seemed to be infected more efficiently
by Brucella than the SaOS-2 cell line was. The reasons for such a difference are unclear at present. To our best knowledge, there are no reports of parallel infections of the SaOS-2 and MG-63 cell lines with any bacterial species, which could allow a comparison with our results. A study of the phenotypic characteristics of these cell lines determined that both exhibit osteoblastic features such as the expression of osteocalcin, bone sialoprotein, decorin, and procollagen I (36 In the few studies that reported quantitative data on the intensity of bacterial infection of osteoblasts, two types of measures were used, namely, the number of intracellular bacteria per cell and the percentage of infected cells. In the present study, the percentage of osteoblasts infected by B. abortus was 8% for MG-63 cells (by confocal microscopy at 24 h p.i.), which is in line with values reported for MG-63 cells infected by Mycobacterium tuberculosis (4% and 15% at 4 and 24 h p.i., respectively) (47) . For MG-63 cells, the CFU/cell ratio immediately after infection was 0.004 for B. abortus and 0.016 for B. suis, which are considerably lower than the value reported for Salmonella enterica serovar Dublin infections of the same cell line (0.7 bacteria/cell) (3). Therefore, Brucella species seem to invade a similar proportion of osteoblasts to those for other pathogens involved in bone infections, but the number of internalized bacteria is comparatively lower. Interestingly, a previous study showed that nonopsonized B. suis cells are poorly internalized in human monocytes compared to Escherichia coli cells (25) .
The invasion of both SaOS-2 and MG-63 cell lines by B. abortus was inhibited by colchicine but not by cytochalasin D, suggesting that invasion depends on microtubules but not on microfilament formation. These results contrast with those obtained with HeLa cells, in which both colchicine and cytochalasin D reduced B. abortus invasion (18) . To our best knowledge, the only previous studies on the effects of cytoskeleton inhibitors on the bacterial invasion of osteoblasts are those performed with S. aureus, which has a different lifestyle from that of Brucella but constitutes a common cause of osteomyelitis. Our results differed from those found for S. aureus infection of MG-63 osteoblasts, in which internalization was inhibited by both colchicine and cytochalasin D (22) . The concentrations of inhibitors used in the present study were equal to those used in the study on S. aureus internalization in osteoblasts and were also similar to those used in studies on B. abortus internalization by epithelial cells (18) . In the present study, the lack of effect of cytochalasin D on internalization was specific for osteoblast-like cells, since this agent inhibited Brucella internalization in THP-1 cells, in agreement with previous findings for macrophages (25) . These results suggest that the mechanism of internalization of B. abortus in human osteoblasts differs from that reported for other cell types.
Recent studies have shown that osteoblasts play an important role in the pathogenesis of osteoarticular infectious diseases by several mechanisms, including the production of chemokines that attract inflammatory cells to the site of infection (30) . In the present study, infection with each of the three Brucella strains used elicited relatively low levels of secretion of chemokines from both SaOS-2 and MG-63 cells. The production of chemokines in response to Brucella seemed to depend on bacterial viability, since stimulation of osteoblasts with heatkilled B. abortus did not elicit any chemokine response (not shown). The low chemokine production level in response to Brucella spp. may be related to the small number of bacteria per infected cell compared to that for osteoblast infections by other pathogens. Chemokine levels were about twofold to threefold higher for S. aureus infection, except for MCP-1 production by MG-63 cells, which was much higher, in agreement with previous reports (47) . Interestingly, the high production level of MCP-1 by MG-63 cells was restricted to S. aureus and did not happen with any of the three Brucella strains. Except for this difference, chemokine production by the osteoblastic cell lines in response to Brucella infection was on the same order of magnitude (three-to fivefold lower) as that in response to S. aureus, although it was lower than that reported for M. tuberculosis infections (47) .
Inflammatory cells play a significant role in the damage produced to bone and synovial tissues during infectious osteomyelitis and arthritis (19, 41) . In experimental arthritis by S. aureus, mononuclear phagocytes migrate to the site of infection slightly later than neutrophils do. Macrophages are involved in the arthritic damage in this model, since mice depleted of monocytes/macrophages exhibit a significantly less severe arthritis (43) . Similar studies have not been performed with Brucella, but a nonspecific inflammatory infiltrate has been found in synovial membrane and bone in patients with brucellar arthritis and osteomyelitis, respectively (28) . Therefore, it can be speculated that macrophages can interact with osteoblasts at the site of osteoarticular Brucella infection and that both cell types can mutually modify their response to the pathogen. Our results show that CSBIM stimulates osteoblasts to secrete MCP-1 and IL-8. Chemokine levels in supernatants from CSBIM-stimulated osteoblasts were between 12-fold and 20-fold higher than those found in Brucella-infected osteoblasts. Therefore, while direct infection by B. abortus induces only low chemokine production in osteoblasts, the interaction of these cells with infected monocytes can induce a significantly greater chemokine response. This enhanced chemokine response as a result of the interaction with monocytes was also observed when both cell types were cultured and infected together in a coculture model. Previous studies (6, 16, 17) have FIG. 10 . Proliferation of Brucella abortus in monocyte-osteoblast cocultures. These cell types were mixed in the proportion indicated (1:10 or 1:100) to total 1 ϫ 10 6 cells/well and were infected or not with B. abortus (MOI, 100 or 1,000) for 2 h. In parallel, the same number of osteoblasts cultured alone were also infected (osteoblasts). After infection, cells were incubated with antibiotics to kill extracellular bacteria. Cells were lysed at 24 h (white bars) or 48 h (black bars) and plated on agar to determine the intracellular CFU. Experiments were performed three times in triplicate. Data are means Ϯ SEM from a representative experiment. shown that IL-8 and MCP-1 production by normal osteoblasts and osteoblastic cell lines can be stimulated by TNF-␣ and IL-1␤, both of which were produced by Brucella-infected monocytes in the present study. Notably, the inverse interaction between osteoblasts and macrophages was also verified. CSBIO and also CS from S. aureus-infected osteoblasts stimulated THP-1 monocytes to secrete IL-8. This effect was not elicited by CS from noninfected osteoblasts, showing that it occurs only in an infectious environment. Overall, these results agree with those obtained in a previous study with monocytes stimulated with conditioned medium from M. tuberculosis-infected osteoblasts (48) . In that study, the stimulating effect was partially mediated by IL-1 and TNF-␣. Since neither of these cytokines was detected in CSBIO, other secreted factors seem to mediate the stimulation of IL-8 secretion in this case. In the present study, IL-8 secretion by monocytes in response to CSBIO was higher than that induced by direct infection of SaOS-2 cells but was lower than that produced by osteoblasts stimulated with CSBIM (either subsequently infected or not with B. abortus). Overall, these results suggest that in this model of osteoblast-monocyte interaction in response to B. abortus challenge, IL-8 is produced mainly by osteoblasts. MCP-1 was not produced by THP-1 cells in response to Brucella infection or to stimulation with CSBIO. Therefore, osteoblasts also seem to constitute the source of MCP-1 in this model.
We also wanted to determine whether pretreatment with CSBIM may increase the chemokine response of osteoblasts to B. abortus infection relative to the response produced by nonpretreated cells. However, similar chemokine responses were observed in both situations. The lack of additional stimulation of chemokine production by Brucella infection may be due to the low potential of the bacteria to induce chemokines in osteoblasts, as shown in this study.
A novel finding of this study was that CSBIO also stimulated monocytes to produce TNF-␣ and IL-1␤, which were not produced by the osteoblasts themselves. Therefore, osteoblasts may contribute to the inflammatory process of Brucella osteoarticular infections not only by recruiting phagocytes to the site of infection but also by stimulating these cells to secrete proinflammatory chemokines and cytokines. In our experiments, the stimulation produced by Brucella on TNF-␣ secretion by macrophages was indirect and likely to be mediated by soluble factors produced by Brucella-infected osteoblasts. Several soluble cellular factors, including GM-CSF, M-CSF, IL-2, gamma interferon, and IL-12, have been reported to stimulate, alone or in combination, the secretion of TNF-␣ and/or IL-1␤ by monocytes (9, 21, 24) . Among these factors, GM-CSF, M-CSF, and IL-12 have been reported to be secreted by human osteoblasts in response to infection (2, 3) . In agreement with those studies, GM-CSF was detected in CS from osteoblasts infected with B. abortus or S. aureus. Neutralization assays with specific antibodies to GM-CSF demonstrated that this factor is a major mediator of the stimulating effect of CSBIO on TNF-␣ and IL-1␤ production by monocytes. Since these cytokines can in turn stimulate the production of chemokines by osteoblasts, this cytokine networking may help to amplify the inflammatory reaction to Brucella infection in the bone. In addition, the TNF-␣ produced by stimulated monocytes might induce an autocrine stimulation of IL-1␤ production (9, 42).
As shown in this study, different Brucella species can invade, survive, and replicate within osteoblasts. We also show that Brucella-infected osteoblasts secrete proinflammatory chemokines, which in the in vivo situation might recruit phagocytic cells to the site of infection, initiating the inflammatory response. Our results suggest that such a response may be amplified by subsequent interactions between osteoblasts and monocytes in the face of Brucella infection. While the physiological role of the inflammatory response is the eradication of the infecting agent, the intracellular persistence of Brucella within osteoblasts may stimulate a localized chronic inflammation. Further studies will be needed to determine whether the innate immune responses described here, alone or associated with adaptive immune processes, have a role in the chronic inflammation and bone and joint destruction observed in osteoarticular brucellosis.
